Aims/hypothesis Cardiac autonomic neuropathy is associated with increased morbidity and mortality rates in patients with type 1 diabetes. The prevalence of early autonomic abnormalities is relatively high compared with the frequency of manifest clinical abnormalities. Thus, early autonomic dysfunction could to some extent be functional and might lead to an organic disease in a subgroup of patients only. If this is true, manoeuvres such as slow deep-breathing, which can improve baroreflex sensitivity (BRS) in normal but not in denervated hearts, could also modify autonomic modulation in patients with type 1 diabetes, despite autonomic dysfunction.
Introduction
Cardiac autonomic neuropathy (CAN) is a serious although poorly understood long-term diabetic complication. Importantly, diabetic patients with autonomic neuropathy have consistently been shown to carry an increased risk of premature death. A recent meta-analysis demonstrated that the presence of CAN, defined as decreased heart rate variability (HRV), doubled the relative risk of silent myocardial ischaemia and mortality [1] . Moreover, the risk of cardiovascular events is already increased due to an imbalance in the autonomic nervous system [2] .
However, an unresolved problem is the mismatch between the high prevalence of autonomic abnormalities and the relatively limited number of patients who develop organic neuropathy and full-blown clinical abnormalities. This suggests that, at least at an early stage, autonomic dysfunction could to some extent be functional and might lead to organic disease in a selected number of patients only. Such a notion does not necessarily decrease the importance of detecting early autonomic disturbances, as similar prognostic values for reduced HRV and reduced baroreflex sensitivity (BRS) have been reported after myocardial infarction [3, 4] , in heart failure [5, 6] and in hypertension [7, 8] , all conditions known to be dependent upon functional autonomic abnormalities.
However, if the notion turns out to be correct, it could explain why diabetic autonomic abnormalities confer an increased risk of cardiovascular mortality, regardless of a relatively lower proportion of clinically evident organic neuropathy.
A high prevalence of CAN, reduced HRV and blunted spontaneous BRS in patients with type 1 as well as in patients with type 2 diabetes have been reported previously [9] [10] [11] [12] [13] [14] [15] . It is of note that the tests used allow early detection of abnormalities in the autonomic nervous system. However, unlike in heart failure or hypertension, in patients with diabetes these abnormalities have always been interpreted as evidence of early organic neuropathy [16] . Interestingly, previous studies have shown that a simple functional manoeuvre like slow deep-breathing can increase the BRS [17] [18] [19] , an important and well-established prognostic index, and also reduce the sympathetic tone in conditions like heart failure, hypertension and chronic obstructive pulmonary disease [20] [21] [22] . In contrast, the upright posture increases sympathetic activity and reduces the BRS [23] .
Thus, if a functional nature of early autonomic abnormalities could be demonstrated in patients with type 1 diabetes, this would not only be of theoretical, but also of great practical importance for the management of diabetes. Previous studies have already established a positive role for physical activity and other interventions in the correction of functional autonomic abnormalities and improved survival rates in heart failure [24, 25] . However, it is still unknown whether it is possible to correct these abnormalities in patients with type 1 diabetes. Therefore, the aim of this study was to test whether autonomic abnormalities in type 1 diabetic patients may be of a functional nature. For this purpose, we tested whether it is possible to increase BRS by slow deep-breathing in a large group of patients with type 1 diabetes, in a group of participants with a heart transplant and in a group of age-matched control participants. We also tested whether an opposite stimulus, active standing, could induce similar changes in the diabetic and control participants. We reasoned that organic neuropathy would produce minor or no change in the functional tests, similar to what could be expected in the group with denervated hearts. In contrast, functional abnormalities would produce a normal or only mildly reduced response resembling that in the control group.
Methods

Study population
The IDEAL Study (IDentification of EArly mechanisms in the pathogenesis of diabetic Late complications) was launched in 2003 as a sub-study to the nationwide FinnDiane Study. It is a population-based, observational follow-up study designed to identify early markers of diabetes-specific late complications. The participants were recruited through the register of the Social Insurance Institution that comprises all patients entitled to special reimbursement of insulin or glucose-lowering medication in Finland. This register covers approximately 98% of Finnish patients with type 1 diabetes [26] . Selection criteria were diabetes diagnosed before the age of 35 years, duration of diabetes of 6 to 12 years and age at the time of inclusion between 18 and 35 years. A total of 400 individuals residing in the Helsinki metropolitan area fulfilled the selection criteria and were invited. Of those invited, 165 persons responded, of whom 25 were excluded since they had other types of diabetes than type 1, were currently pregnant or failed to attend. Consequently, 140 participants were enrolled and 125 participated in all examinations at baseline. Type 1 diabetes was defined as C-peptide deficiency (<0.03 nmol/l) and initiation of permanent insulin treatment within 1 year after diagnosis of diabetes. None of the patients showed clinical signs of cardiovascular disease; six were taking antihypertensive medication (five with ACE inhibitors, one a combination of ACE inhibitor and diuretic). Our 36 age-and sex-matched healthy control participants were recruited by email advertisements among university students and staff. Only individuals with normal fasting glucose and without first-degree relatives with diabetes mellitus were included. A third group of heart-transplanted participants was studied retrospectively. This group comprised 12 participants (5 men, 7 women, aged 54.7 ± 2.4 years), who had undergone orthotopic heart transplantation 34.7±4.9 months previously. These participants were part of a previously published study [27] , documenting absent or only rudimentary renervation. As the protocol of that study also contained similar recordings (not used in the previous publication) to those for our patients with type 1 diabetes, they were included in the present study to test whether and to what extent an almost denervated heart could respond to interventions capable of increasing BRS. Before participation, all participants gave their written informed consent. The study protocols were approved by the Ethics Committee of Helsinki University Hospital and by the Ethics Committee of the University of Pavia, Italy (for hearttransplanted participants).
Protocol During two visits, the type 1 diabetic and control participants underwent a clinical examination, resting ECG, laboratory testing, one 24 h and two overnight urine collections, ambulatory blood pressure measurement (ABPM) and testing of the autonomic nervous system. Each patient completed a detailed questionnaire on life style, smoking habits and family history.
Autonomic testing All participants were investigated in a quiet room, at a temperature between 19°C and 23°C, between 08:00 and 14:00 hours. Before the examination, the participants were asked to abstain from alcohol for 36 h, and from caffeinated beverages and cigarettes for 12 h. A light meal was permitted 2 h before testing. ECG was recorded using a bipolar precordial lead. Continuous blood pressure was monitored with a digital plethysmograph (Finapres 2300; Ohmeda, Louisville, CO, USA) from the middle finger of the right arm held at heart level. Recorded signals were digitised with a 12 bit resolution at a sampling rate of 200 Hz using a data acquisition system (WinAcq; Absolute Aliens, Turku, Finland).
The participants underwent a set of four cardiovascular autonomic function tests: (1) the expiration:inspiration ratio of RR interval during slow deep-breathing; (2) the maximum:minimum 30:15 ratio of RR interval during active standing; (3) the systolic blood pressure (SBP) response to standing; and (4) the maximum:minimum ratio of RR interval during a Valsalva manoeuvre. In line with current recommendations, CAN was defined as the presence of two or more abnormal tests [28, 29] . Due to technical artefacts or ectopic beats during recording or a hypoglycaemic episode during the preceding 24 h, nine participants were excluded from the analyses of HRV and blood pressure variability.
Recording for spectral analysis of HRV and BRS ECG and continuous blood pressure were recorded in the supine position during 5 min controlled breathing at a frequency similar to that of spontaneous breathing (15 breaths per minute). Previous studies [30] have shown that this procedure, if properly performed, does not induce major modifications in the autonomic tone, yet allows correct analysis of HRV by removing artefact effects of irregular respiration into the low-frequency band [31] . Subsequently, participants were asked to take deep breaths at a fixed frequency of six breaths per minute for 1 min. In the diabetic and control groups recordings were also taken for 5 min in the supine and active standing states, during spontaneous breathing.
Data analysis From the original data the time series of RR interval and SBP were obtained and power spectral analysis was performed, based on Fast Fourier transformation, allowing us to obtain the power in the low-frequency (0.04-0.15 Hz) and high-frequency bands (0.15-0.40 Hz), and the low:high frequency ratio for the RR interval. Normalised units of the low-and high-frequency bands were calculated as follows: nLF = LF power/(LF + HF powers); nHF = HF power/(LF + HF powers), where n stands for normalised, and HF and LF stand for high-and low-frequency, respectively. In addition, the standard deviation of all RR intervals (SDNN) was considered an index of global RR interval variability. For SBP variability we also considered the power in the low-and highfrequency bands [32] .
Assessment of BRS Previous studies have shown a poor correlation between different indices of BRS, while, on the other hand, no method has shown clear superior performance over the other [33] . Accordingly, we used a set of different tests; and although we present the results of the individual methods, we also analysed BRS as the average of all methods.
BRS was determined from spontaneous fluctuations in the RR interval and SBP during the 15 and 6 breaths per minute recordings using the sequence method (BRS+/+, BRS−/−) [34] , the alpha coefficient (Alpha low-frequency BRS) [35] and the transfer function technique (TF-BRS) [36] . In the sequence method, BRS was estimated by identifying spontaneously occurring sequences of three or more consecutive heartbeats in which both SBP and the subsequent RR intervals changed in the same direction. The minimum criteria for change were 1 mmHg for SBP and 5 ms for the RR intervals. For identified up-up (+/+) and down-down (−/−) sequences with a correlation coefficient between the RR intervals and the SBP in excess of 0.85, the regression slopes (slope of the regression line between SBP and RR intervals) were calculated and the average was taken as a measure of BRS+/+ and BRS−/−, respectively. The alpha coefficient (Alpha low-frequency-BRS) was calculated as the square root of the ratio of the spectral powers of RR intervals and SBP in the low-frequency range (0.04-0.15 Hz) when coherence was greater than 0.5 and the phase difference between SBP and RR intervals was negative. In the TF-BRS method, BRS was calculated as the average value of SBP-RR cross-spectrum divided by the SBP spectrum in the low-frequency range (0.04-0.15 Hz), when coherence exceeded 0.5.
Ambulatory blood pressure measurements ABPM was performed in a subset of participants (99 patients, 29 healthy control participants) with a monitoring device (SpaceLab 90207; Spacelabs, Redmond, WA, USA). Measurements were taken at the non-dominant arm every 20 min during the day (07:00-23:00 hours) and every 60 min at night (23:00-07:00 hours). For analysis, day and night-time periods were defined according to the individual sleeping time. Participants with a nocturnal decrease in SBP or diastolic blood pressure (DBP) of less than 10% of the corresponding daytime value were defined as non-dippers.
Laboratory tests Venous blood samples were obtained after a light breakfast and were analysed for HbA lc , lipids and serum creatinine. HbA lc concentrations were determined by an immunoturbidimetric immunoassay (Medix Biochemica, Kauniainen, Finland). Serum lipids (cholesterol, triacylglycerol, HDL-cholesterol) and creatinine were measured by enzymatic methods. Urinary AER was measured from three consecutive timed urine collections, one 24 h and two overnight collections. Normal AER was defined as an AER persistently <20 μg/min or <30 mg/24 h, microalbuminuria as an AER≥20<200 µg/min or ≥30<300 mg/24 h and macroalbuminuria as an AER≥200 µg/min or ≥300 mg/ 24 h in at least two of three urine collections [37] .
Statistical analyses All analyses were performed using SPSS 16.0 for Windows (SPSS, Chicago, IL, USA). All data are presented as mean ± SEM. Power variables were used for statistical analysis only after logarithmic transformation (log 10 ), whereas global HRV was assessed using the SD of the RR interval, as this variable has a more normal distribution than other indices of variability (e.g. variance).
A test of consistency of the BRS measures was carried out using Cronbach's alpha and Intraclass correlation coefficient [33, 38, 39] . A coefficient >0.90 was regarded as evidence of satisfactory agreement between methods [39] .
Statistical differences between groups (patients with type 1 diabetes and healthy control participants) and interventions (six breaths per minute vs 15 breaths per minute controlled breathing; supine vs standing) were tested by mixed-design two-level ANOVA (repeated measures to test for the effect of breathing rate, factorial design to test between type 1 diabetic and control participants). Due to the markedly different values seen in the heart-transplanted participants as compared with the other groups, only differences between 15 
Results
Clinical characteristics Clinical characteristics and laboratory results are given in Table 1 . Patients with type 1 diabetes had significantly higher SBP than the control participants. Antihypertensive medication was being taken by 6% of the diabetic patients and none of the control participants. The serum lipid concentrations were equal except for LDL-cholesterol, which was higher in type 1 diabetic patients. These also had higher estimated GFR, but there was no difference in urinary AER between the two groups.
Ambulatory blood pressure ABPM revealed a small, yet significant difference in blood pressures between the groups (Table 2) . Notably, heart rate was consistently higher in the type 1 diabetic patients. The proportion of non-dippers was equal in both groups and there was no difference between the groups regarding night:day ratios of SBP, DBP, pulse pressure, mean arterial pressure or heart rate (data not shown).
Autonomic function tests One participant in each group fulfilled the diagnostic criteria for CAN. The average values of the four cardiovascular reflex tests were not significantly different in patients with type 1 diabetes compared with the control participants ( Table 2) .
Spectral analysis and assessment of BRS During controlled breathing at the normal rate, diabetic patients showed reduced power (in absolute value and percent) in the respiratory high-frequency band, as evidence of reduced respiratory sinus arrhythmia ( Table 3) . As a consequence, they also showed a higher percentage of low-frequency components and a significantly higher low-frequency:highfrequency ratio. Similarly, the power in the low-frequency band of SBP tended to be higher in type 1 diabetic patients, although the difference did not reach statistical significance. Additionally, patients with diabetes showed reduced global HRV as evidenced by reduced SDNN. With slower breathing, there was a significant increase in SDNN and also an increase in the low-frequency band, due to the fact that respiration modulated the RR interval at this frequency.
Individual measures of BRS showed reduced values in patients with type 1 diabetes as compared with the control participants at 15 breaths per minute of controlled breathing (Table 4) . However, slow breathing induced a general increase in both groups, with values obtained in type 1 diabetic patients similar to those obtained in control participants at normal breathing rate (15/min). Individual measures of BRS showed poor reciprocal correlation (from r = 0.405 for TF-BRS and BRS−/− during controlled breathing to r = 0.945 for TF-BRS and Alpha lowfrequency BRS during slow deep-breathing). The average BRS from the four different methods was significantly reduced (p<0.001) in diabetic patients during controlled breathing at normal breathing rate (Fig. 1) . Again, slow breathing increased BRS in both groups, although the magnitude of the increase was lower in patients with type 1 HF, high-frequency; LF, low-frequency; nHF, normalised HF; nLF, normalised LF; RMSSD, root mean square of the differences of successive RR intervals; RRI, the time interval between two consecutive R peaks of the ECG 
Discussion
Main findings In the present study, we demonstrated a marked reduction of the spontaneous BRS in patients with type 1 diabetes, even in the absence of any clinically detectable diabetic complications. The reduction in BRS co-segregated with signs of sympathetic predominance. Nevertheless, the diabetic participants were able to increase BRS in response to slow deep-breathing, an intervention capable of inducing an increase in BRS in healthy control participants. The opposite intervention, active standing, induced a similar marked reduction in both groups. In contrast, in patients with a denervated heart, BRS did not increase after slow breathing, suggesting that the abnormalities seen in the patients with type 1 diabetes could at least to some extent be considered functional. This observation could have important implications for our understanding of the natural history of autonomic neuropathy.
Autonomic abnormalities in type 1 diabetes Previous studies in more heterogeneous groups of patients with type 1 diabetes have demonstrated a reduction in various indices of HRV [13] , suggestive of a reduction in vagal activity. The present study also confirms those previous findings of reduced vagal activity and relative increase in sympathetic activity. Essentially, these previous findings were replicated here by: (1) showing a lower global HRV (assessed by the SD of RR interval); (2) the relative increase in the lowfrequency components; (3) the relative and absolute reduction in the high-frequency components of HRV; and (4) the higher low-frequency:high-frequency ratio, as assessed by spectral analysis. It is of note that reduced BRS was found to be a sensitive marker of autonomic cardiovascular dysregulation in a population of type 1 diabetic patients with a wide range of age and diabetes duration [10] and that such a reduction in BRS has furthermore been repeatedly reported by different studies in type 1 and type 2 diabetic patients [9, 11, 12, 15] . Our findings also support these previous data, but, importantly, do so even in the absence of clinical complications or in the absence of alterations in the autonomic function tests. As a consequence of impaired BRS, blood pressure changes are not buffered by the heart rate in the low-frequency region.
In our study, a significant inverse correlation was observed between blood pressure indices and BRS variables (data not shown). Importantly, evidence now accumulating suggests that impaired BRS may precede development of hypertension [40] [41] [42] . We have previously demonstrated that even in the absence of diabetic kidney disease, type 1 diabetes is associated with isolated systolic hypertension and a prematurely increasing pulse pressure, suggestive of accelerated arterial stiffening [43] . It can be hypothesised that autonomic dysfunction may be the reason for the higher blood pressure seen in our earlier study. Notably, in the present study, the patients with type 1 diabetes also had higher SBP and DBP than the healthy control participants, albeit within the upper normal range.
Significance of BRS alteration: organic or functional? As confirmed in the present study, diabetic microvascular complications are rare during the first decade of diabetes [44] [45] [46] . Due to the selection of a cohort with a disease duration of <10 years, our study was designed to evaluate autonomic function of patients in the window before diabetic late complications become evident. Although the cross-sectional design limits conclusions about mechanisms and temporal relations, it may be that autonomic dysfunction precedes other diabetic complications, possibly even playing a role in their pathogenesis. However, here, for the first time as far as we are aware, we have shown that the BRS can be increased towards normal values simply by slowing the breathing rate to six breaths per minute in patients with type 1 diabetes. The magnitude of the increase was maximal in the healthy control participants, slightly reduced in the diabetic patients and totally absent in participants with denervated hearts. Thus, this ability to increase BRS suggests that the autonomic nervous system may still be able to react to a simple intervention in a favourable way in patients with type 1 diabetes. This finding is complemented by the other observation that the opposite intervention, active standing, reduced the BRS to a similar extent in control and diabetic participants ( Table 4 ), indicating that the cardiovascular regulation is still operative, when appropriately stimulated. Fig. 1 The effect of breathing rate on the average BRS in participants with normal innervation (healthy control participants; black circles), patients with type 1 diabetes (black triangles) and surgically denervated (heart-transplanted) patients (black squares; difference was NS). †p<0.005 for difference within groups, ‡p<0.005 for difference between groups. The was no significant difference between the baroflex sensitivity for surgically denervated subjects All these findings suggest that, in patients with type 1 diabetes, the changes are to a large extent the result of a functional autonomic involvement. The fact that the autonomic involvement has an important functional component does not, however, preclude its clinical importance, as the prognostic value of a reduced BRS has already been established in a number of conditions associated with functional alterations in the autonomic nervous system. Notably, in heart failure and after myocardial infarction, interventions like physical training have generated rather strong evidence of a reversal of autonomic abnormalities [24, 25] . Recent studies also seem to confirm that autonomic abnormalities can also be favourably influenced by physical exercise in patients with type 2 diabetes [47, 48] . On the other hand, our findings are not in contrast with the development of progressive autonomic neuropathy at a later stage. Increased sympathetic activity can cause activation of the renin-angiotensin system, decrease arterial compliance and increase water and sodium retention in the kidneys, all conditions that lead to elevated blood pressure and may contribute to tissue hypoxaemia and the development of autonomic neuropathy. Accordingly, strategies to prevent sympathetic over-activation could also be protective against the development of clinically evident autonomic neuropathy.
At variance with other reports [49, 50] , we did not find any correlation between HbA lc and autonomic indices in our patients with type 1 diabetes. This could be due to a number of facts, including, first of all, different patient selection, fairly good metabolic control, the mild autonomic involvement (with absence of symptoms) and the possible inherent lack of correlation between a measure of relatively short-term metabolic control and a dysfunction that may take years to develop. We could not find any correlations between microvascular complications and BRS, probably because of the absence of such abnormalities in most of the studied patients (Table 1 ). Such a relationship might be found when studying more compromised patients.
Study limitations
The conclusions of this study are based on observations in a group of type 1 diabetic patients with only mild autonomic involvement. The results could therefore be different in patients with more advanced disease, where a large proportion of organic neural lesions would be expected. It is thus likely that in such patients the BRS response with slow breathing might be more similar to that seen in patients with surgically denervated heart. Further studies (currently in progress) will clarify this point. Nevertheless, our study does provide a simple test to evaluate the extent of organic involvement and to track early autonomic neuropathy in patients unable to increase BRS in response to slow breathing.
Conclusions
Our observations suggest that increased sympathetic activity and reduced BRS occur early in the course of type 1 diabetes. However, the demonstration that patients with diabetes can increase (or decrease) their BRS in response to a simple physiological stimulus suggests that the abnormality is largely functional, at least at an early stage of the disease. Thus, the present findings may suggest a new way to track and potentially prevent cardiovascular complications in patients with type 1 diabetes.
